Abstract: Thin films of the phosphorescent emitters Ir(ppy) 3 and Ir(ppy) 2 (acac) are investigated by GIXRD and GIWAXS. Both molecules form crystalline grains and exhibit a preferred orientation that is pertained even when doped into a host.
Introduction
Orientation of emitting dipoles in organic light-emitting diodes (OLEDs) has raised a lot of interest in the OLED community due to its potential to strongly increase outcoupling efficiency [1] [2] [3] [4] . Especially for perfectly horizontally oriented emitter dipoles, the efficiency may be increased by up to 60 % compared to isotropic orientation due to the preferred emission of the transition dipoles into forward direction [5] . The orientation of various emitter molecules has been investigated and many compounds exhibiting a preferential horizontal orientation have been found. However, the origin of their preferred orientation is still under debate [5] [6] [7] .
In this contribution, we investigate the orientation of the archetype phosphorescent emitters Ir(ppy) 3 and Ir(ppy) 2 (acac) with respect to the substrate. Despite their structural similarity, it was previously found that the two emitters exhibit a different orientation of their transition dipole moments, where an isotropic orientation was found for Ir(ppy) 3 and a preferential horizontal orientation for Ir(ppy) 2 (acac) [3] . Using grazing incidence X-ray diffraction (GIXRD), we find that both emitters form crystallite grains that are pertained even when the emitter is doped into a host. Further investigations via 2D grazing incidence wide-angle X-ray scattering (GIWAXS) reveal that the crystallite grains of both emitters show a preferential orientation in out-of-plane direction.
Experimental and results
Thin films of either neat tris(2-phenylpyridine)iridium(III) (Ir(ppy) 3 ) and bis(2-phenylpyridine) (acetylacetonate)iridium(III) (Ir(ppy) 2 (acac)) or doped into the host 4,4',4"-tris(N-carbazolyl)-triphenylamine (TCTA) were fabricated by thermal evaporation in UHV (Kurt J. Lesker Co.) at a base pressure of 10 -8 mbar onto pre-cleaned glass substrates. X-ray measurements were performed in air. For GIXRD, a Bruker D8 Discover diffractometer was used with Cu-K α radiation (λ = 1.54 Å) and the signal was detected with a scintillation counter. The incident angle was previously determined to be ω ≈ 0.2° while the angle 2θ is scanned from 3−90° in 0.1° steps at 30 s sampling time. All measurements were corrected for a background that was previously measured at smaller incident angle, where total reflection occurs between the interface of air and organic. 2D GIWAXS measurements were performed at the Stanford Synchrotron Radiation Lightsource (SSRL), beamline 11-3, at 12.735 keV and scattered X-rays were detected with a 2D image plate. All GIWAXS data are isotropically converted to q-values (q denotes the scattering vector) and are further analysed using the software WxDiff [8] . Figure 1 shows the GIXRD spectra for 50 nm thick neat Ir(ppy) 3 , Ir(ppy) 2 (acac) and TCTA films as well as host:guest blends of 8, 20, and 50 wt%. Neat emitter films show a strong Bragg reflection at approximately 11°. The peak significantly decreases when blending the emitter into TCTA but is still pertained at doping concentrations above 20 wt%. At 8 wt%, a concentration typically used in OLEDs, the peak cannot be detected anymore. TCTA, instead, shows no Bragg reflection and only a very broad signal around 22°, which originates from diffusely scattered radiation [9] . Hence, we conclude that TCTA is fully amorphous.
The Bragg reflection at 11° indicates that both emitters form crystalline grains and that these grains are even pertained when the emitter is doped into the host. In order to quantify the grain size, we fitted the GIXRD spectra with two Gaussian functions in order to extract the exact position and FWHM of the Bragg reflection (cf. Fig. 2) . From the peak position 2θ 0 and the FWHM, the coherence length L c can be calculated via the Scherrer equation [10] :
Here, K denotes a shape factor that is set to 1, while λ is the wavelength of the X-rays. The resulting L c and 2θ 0 are summarized in Table 1 . The Bragg reflections of Ir(ppy) 3 and Ir(ppy) 2 (acac) are located at 10.60° and 10.82°, respectively. For both materials, the peak shifts slightly towards higher angles with decreasing doping concentration, which would indicate a compression of the grains in real space. The coherence length is larger for Ir(ppy) 3 compared to Ir(ppy) 2 (acac) at all investigated concentrations, which is supported by the well-known tendency of Ir(ppy) 3 and, to a significantly lesser extent, Ir(ppy) 2 (acac) to form aggregates [11] . The coherence length significantly decreases when doping the emitter into a matrix. In these investigations, the coherence length denotes the minimum size of an aggregate in out-of-plane direction (i.e. perpendicular to the substrate). Hence, aggregates may be much larger if the molecular structure is distorted due to disorder. GIXRD is a suitable method to investigate the structure in one direction, however, no conclusion on orientation can be drawn. In order to investigate how the observed crystallite grains are oriented with respect to the substrate, we performed 2D GIWAXS measurements on neat Ir(ppy) 3 and Ir(ppy) 2 (acac) films. Here, the crystal structure is not only imaged in one direction but into two directions, which enables differentiating between scattering structures in in-plane and in out-of-plane direction of the sample. Figure 3 shows the observed result. A strong peak is observed in out-of-plane direction at q z = 0.75 Å -1 , which resembles the Bragg peak at approximately 11° observed in Fig. 1 . The intensity of this peak significantly decreases for lower polar angles χ (going from out-of-plane direction towards in-plane). This indicates that the crystallite grains are mainly oriented in out-of-plane direction. Finally, we will compare the observed orientation of the crystallite grains to the orientation of emitting dipoles. For Ir(ppy) 3 , the observed Bragg reflection most probably originates from the (220)-plane [12] . Here, we found that the diffraction pattern of this plane is mainly oriented in out-of-plane direction, which means that the planes lie roughly parallel to the substrate. Within the planes, Ir(ppy) 3 molecules are oriented with their symmetry axis roughly parallel to c [12] , hence, also roughly parallel to the substrate. The final question is how the transition dipole moments are oriented with respect to the symmetry axis of the molecule. Recently, it was found that the dipole moments of the three triplet sublevels of Ir(ppy) 3 point towards the three ligands and are mutually orthogonal [13] . Hence, even if the Ir(ppy) 3 molecules are oriented parallel to the substrate, their transition dipole moments cancel each other out. Unfortunately, to the best of our knowledge, the crystal structure and orientation of the transition dipole moments of Ir(ppy) 2 (acac) have not been reported so far.
